family of receptors that mediate peripheral olfaction. InAs it happens, this is not the first time the olfactory deed the >1000 receptor genes they found are now recsystem has figured in a Nobel Prize. Nearly a century ognized in the post-genome world as constituting the earlier, in 1906, this same prize was awarded to Ramon largest gene family in the mammalian genome and, as y Cajal for his formulation of the Neuron Doctrine, the total number of our genes seems to continue downwhich, as he pointed out in his Nobel lecture (available, ward, represents an increasingly significant proportion of the genes in the entire genome (1%-4%). as are many other resources referred to in this article, How, precisely, did Buck and Axel come upon this at Nobelprize.org), was based on work in the cerebelgenetic treasure chest? Through the 1980s, the olfaclum, the spinal cord, the retina, and the olfactory bulb.
is not the olfactory second messenger) on the cilia of striction enzymes was one of the earliest, and certainly the most sophisticated, uses of PCR as an experimenolfactory neurons-odor sensitive structures functionally not unlike the outer segments of retinal rods and tal technique, rather than simply as a biochemical tool for producing DNA. cones. Several laboratories cloned the genes for these channels (Cook et al., 1987; Dhallan et al., 1990; Ludwig In their classic paper, Buck and Axel show one set of agarose gels with the now famous "lane 13" showing et al., 1990), which turned out to be very closely related to the CNG channels first identified in rods. Unintujust such a pattern of multiple bands. They had indeed found the first odorant receptors (ORs). This original itively then, olfactory and photo transduction appeared quite similar. Lancet in an influential review article (Lanpaper is still worth reading, not only for the elegance of the experimental approach, but for the remarkable cet, 1986) suggested that indeed all olfactory neurons shared a common transduction pathway and differed prescience of the authors in their interpretation of the data. They recognized that the variability between the mainly in the receptor they expressed. That this receptor was likely to couple through a G protein, as did rhorelated odorant receptors was especially concentrated in regions recently predicted to be a putative binding dopsin, was strongly suspected, although there was no direct evidence and there were several competing thesite for other GPCR ligands (Strader et al., 1989) , and this immediately suggested a molecular basis for odor ories.
Into this setting came Linda Buck, then a senior post recognition. They were able to show that the odorant receptor family had at least 100 to 200 members, but doc in Richard Axel's lab. The story of their key discovery has recently been recounted by Buck in a short repredicted that it could be far larger-even the largest family in the genome. They recognized that odorant review for Cell's 30th anniversary issue . It is worthwhile reading for any young scientist; and older ceptors, in common with many other GPCRs, were encoded by a single exon and that this meant that gene ones as well. Buck and Axel embarked on the near quixotic search for mammalian odorant receptors with rearrangement or alternative splicing were not likely mechanisms for generating diversity in the receptor three key assumptions: that the receptors would be structurally related to the other 20 or so GPCRs then family-rather, each gene encoded a specific single receptor. They rightly intuited, from the frequency of speknown, that they would be encoded by a large multigene family (although even they could not have cific OR sequences in a cDNA library, that any given sensory neuron was likely to express only one or a very imagined how large), and that expression of these genes would be restricted to the olfactory epithelium.
few of the receptor genes. Many of these predictions have been borne out by experimental activity spurred It was here that Buck and Axel brought together their modest assumptions and the still relatively new techon by this paper and continuing for the last 14 years. All at once, immense new possibilities opened up in nique of PCR in an elegant and ultimately successful experimental program. They first designed 11 degenerthe field of olfaction. Ideas for diverse types of coding mechanisms that had been bandied about for some ate PCR primers that matched conserved regions of known GPCRs (assumption 1). They then devised a time were suddenly either possible or easily dismissed. For example, the possibility that, by analogy to color novel combinatorial PCR strategy in which they used these primers in all 30 possible pairwise combinations vision, there might be only a handful of receptors tuned to "primary odorants" was now excluded (there were in PCR reactions with cDNA prepared from rat olfactory epithelium (assumption 3). From this they obtained over hundreds of odorant receptors, while there were only three "color receptors"), as were the variety of corollary 60 PCR products in the appropriate size range. But short of a massive sequencing effort, not as easily chemical schemes depending on primary odors. Indeed, with this paper it now became clear that the olavailable in the late 1980s as it is now, how could they identify which, if any, of these products encoded odorfactory system was uniquely suited to investigation by molecular techniques. Interestingly, an additional 600 or so OR sequences specific glomeruli at more-or-less stereotyped sites in the bulb. They further established that each glomerulus were discovered in the human genome, but they were all pseudogenes, containing one or more sequence disis likely dedicated to one receptor and that, as in the epithelium, signals from different receptors are segreruptions that would render the resulting protein nonfunctional. A year later, the mouse genome was availgated.
In subsequent experiments, the Buck lab explored able, and several data mining efforts discovered more than 1200 OR genes, including 250 or so pseudogenes how information from different odorant receptors is organized in the olfactory cortex, the next relay in the ies. Now that the olfactory system has been provided The one area of promise not yet fully realized is that with a molecular basis for understanding detection and of understanding ligand selectivity in this large receptor discrimination, it is possible to profitably investigate the family. At first, it seemed that the 1000 new GPCRs wider questions of brain processing-is there a "chemiwould produce novel insights in pharmacology. For cal map" in the brain, how is intensity (concentration) years, the method of choice to understand GPCR strucseparated from quality, how does the brain use neural ture-function was point mutagenesis, changing an space to encode an inherently nonspatial stimulus? amino acid and observing the effects on ligand binding.
In his brief address at the Nobel banquet, the Physics This strategy had met with some success in β2-adrenprize winner David Gross astutely observed that "the ergic receptors (Strader et al., 1987) and among the most important product of science is ignorance." This cone opsins (Nathans, 1990) . But there are limits to this echoes a statement by an earlier laureate, Marie Curie, technique when it becomes necessary to make more than a single or double mutation at a time. Here was a in a letter to her brother in 1894, that "one never notices family of receptors, some of which differed by only a what has been done; one can only see what remains to few amino acids (greater than 98% identity) and others be done." The work of Buck and Axel deserves its place of which shared no more than 40% identity. It was as in the upper echelons of the scientific pantheon, not if evolution had run its own mutation experiment and only for what it discovered, but for the bountiful ignoselected the ones that worked. Taking advantage of the rance it has spawned, and for how it has allowed us to availability of huge chemical libraries, a high-throughsee all the work that needs to be done. put assay using receptors expressed in a heterologous Two political postscripts. Linda Buck is only the sevcell system and challenged with thousands of odors enth woman to be awarded the Nobel prize in Physiolwould give a rapid readout of specificity that could be ogy or Medicine, a point that was underscored by Proaligned with gene sequence. Matching odorants to fessor Bengt Samuelson in his opening address at the their cognate receptors, and vice versa, would not only Nobel award ceremony. Samuelson contends that Nosolve many of the mysteries of olfactory coding but bel prizes reflect the academic and social realities of also provide a deeper understanding of how certain decades past and that the paucity of female laureates residues interacted with ligands to determine specificis a direct reflection of the difficulties women faced in ity-an experimental program that could revolutionize pursuing academic and intellectual callings in the midthe pharmacology of GPCRs. It should be noted in this dle part of the 20th century. Along with Linda Buck, regard that more than 50% of drugs used for medical this year's prizes in Peace and in Literature were also purposes target GPCRs. awarded to women, perhaps, one hopes, presaging a However, the catch to cashing in on all this bounty change in cultural attitudes that will see more women was that odorant receptors could not be expressed in in the academy and among Nobel's laureates. heterologous cells. To be precise, OR protein is trapped Finally, Richard Axel's address at the Nobel banquet in the endoplasmic reticulum and fails to traffic to the contains several noteworthy thoughts on the relation membrane, leaving the receptors nonfunctional. In between ethics, morality, and free scientific inquiry in spite of nearly 14 years of effort by many laboratories, biomedical research. It is well worth reading, or watchthe puzzle remains unsolved and the biology of the trafficking problem is still mysterious. To date, only a handing, at the Nobel prize website (http://nobelprize.org/).
